This study examined the effect of tube feeding on hippocampal Fos induction and spatial performance in a water maze task in senescenceaccelerated mice (SAMP1). Tube feeding accelerated the age-related decline in spatial memory and decreased Fos induction in the hippocampal CA1 region in aged SAMP1 mice. The results suggest that tube feeding in aged SAMP1 mice reduces input activity in the hippocampus, thereby leading to senile memory deficits.
advancing age [9] [10] [11] . It is widely thought that these age-related changes are related to the association of stress with hippocampal dysfunction 12) and to cholinergic disturbances 13) . Aging is also suggested to produce changes in cell function that affect genomic events via immediate-early genes 14) . In particular, the c-fos gene and the corresponding protein Fos, which are thought to be involved in processes related to neural plasticity 15) , are considered markers of neuronal activity. The expression of c-fos is rapidly and transiently induced in the hippocampal formation following training in an odor discrimination task 16) . We therefore hypothesized that tube feeding decreases input activity from the oral cavity to the central nervous system to a greater extent than softdiet and molarless conditions in aged mice, possibly leading to hippocampal neural changes and learning and memory impairment. In the present study, we
Introduction
A change from taking food orally to tube feeding results in lower levels of motivation and activities of daily living in elderly patients, whereas an increased ability to ingest food orally after dental treatments enhances these levels 1, 2) . In addition, soft-diet feeding during development in rats 3) or after weaning in mice 4) reduces synaptic formation in the cerebral cortex and impairs spatial learning in adulthood. In SAMP8 mice, dysfunctional mastication induces spatial memory deficits 5) associated with various pathologic changes, such as degeneration of hippocampal CA1 pyramidal cells 5) , decreased Fos induction in the hippocampal CA1 region 6) , and decreased number of hippocampal CA1 astroglial cells 7) . These findings suggest that dysfunctional mastication in aged mice reduces input activity in the hippocampus, thereby leading to spatial memory deficits.
The hippocampal formation, which has an important role in spatial memory 8) , is very sensitive to the aging process, and is one of the first brain regions to show neuropathologic changes with
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Fos, Hippocampus, SAMP1, Spatial memory, Tube feeding in detail elsewhere 17, 18) . Male pups were weaned 3 weeks after birth and housed in groups of five in standard plastic cages under temperature and humidity controlled conditions (23‫°1ע‬C, ‫)%2ע55‬ with free access to food and water, and the light cycle was 12 hours. The animals used in this study were divided into six groups: mice bred and maintained with free access to food and water (control group); mice fed under the same conditions as the control mice and given water (1.2 ml) intragastrically with a catheter (4Fr, catheter made with polybutadiene, outer diameter 1.35 mm, Atom Medical Co., Ltd.) three times a day (10:00, 16:00, and 22:00) (water group); and mice with free access to water and given a mixture of water (1.2 ml) and powder diet (0.7 g, 36-50 mesh) intragastrically with a catheter three times a day (10:00, 16:00, and 22:00) (tube feeding group).
The Morris water maze test is a sensitive assay for brain abnormalities 19) , especially in the hippocampus 20) . The mice were trained in the Morris water maze as previously described 5,7) 8 days after starting the feeding regimen. Briefly, a stainless steel tank (90 cm in diameter, 30 cm deep) was filled with water (approximately 28°C) to a height of 22 cm and the water surface was covered with floating polystyrene foam granules (approximately 2 mm in diameter). A platform was submerged 1 cm under the water surface and located at a constant position near the center of one of the four quadrants of the pool. Eight days after starting the feeding regimen, the mice were placed in the water from 1 of 4 points around the perimeter of the tank and given 28 trials over 7 consecutive days (four trials per day). The sequence of starting positions was changed randomly every day. On day 6, 2 hours after maze training, a visible probe test (four trials per animal) was performed, in which the hidden platform was replaced by a black platform extending 1 cm above the surface of the water and bearing a small flag with a picture of an orange ball. ANOVA followed by Scheffe's post hoc analysis was used to evaluate the statistical significance of behavioral differences between groups.
For immunohistochemical analysis of Fos induction in the hippocampal formation, all mice were subjected to the normal water maze learning task on the final test day (day 7). Two hours after this test, 6 mice from each group were tested in the water maze for 15 sec; this time was sufficient to complete training of all the mice within 90 min. The mice were then anesthetized with pentobarbital sodium (40 mg/kg) and perfused transcardially with 30 ml of saline at 37°C, followed by 100 ml of 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, containing 30% saturated picric acid and 0.1% glutaraldehyde. The brain was then removed and placed in 2% paraformaldehyde fixative overnight at 4°C. After rinsing with phosphate buffer for 72 hours at 4°C, 50m thick tissue sections were prepared on a microslicer (DTK-1000W, Dosaka, Kyoto, Japan) and floating sections were processed through a standard immunohistochemical procedure using the ABC method. The sections were first rinsed with phosphate-buffered saline (PBS), incubated with 1% H 2 O 2 for 10 min at room temperature, rinsed with PBS, and incubated for 60 min at room temperature with 5% normal goat serum. After rinsing with PBS, the sections were incubated with rabbit polyclonal anti-Fos antiserum (Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted 1:200 in PBS containing 0.1% Triton X-100 (PBS-T) for 48 hours at 4°C, rinsed with PBS, incubated with biotinylated goat anti-rabbit IgG (Dako Cytomation, Glostrup, Denmark) diluted 1:500 in PBS for 2 hours at room temperature, rinsed with PBS and 0.05 M Tris-HCl buffer, pH 7.6 (TBS), and incubated with peroxidase-conjugated streptavidin (Dako Cytomation, Glostrup, Denmark) diluted 1:500 with TBS for 1 hour at room temperature. Bound complex was visualized using 3,3Ј-diaminobenzidine (0.5 mg/ml) and hydrogen peroxide (0.01%) in TBS. Control sections were treated with non-immune rabbit immunoglobulin instead of primary antibody.
The Fos-positive numbers were quantitatively analyzed as previously described 6) . Briefly, for each section, all labeled nuclei were counted along a 280m length of the stratum pyramidal (diagonal of a 200‫002ן‬m square) in four distinct zones for the CA1 region and three distinct zones for the CA3 region, and the stratum granule of the same length in two distinct zones for the dentate gyrus. Each group was analyzed with the investigator blind to the experimental group.
The data from these zones were pooled and the mean value for each region estimated and expressed in term of number of cells per square millimeter. ANOVA followed by Scheffe's post hoc analysis was used to evaluate the statistical significance of differences of Fos-positive cell numbers between the groups.
The animals were treated in accordance with the principles approved by the Council of the Japanese Neuroscience Society. This experiment was conducted according to the Animal Experiment Guidelines established by Asahi University.
Results

Water maze test
In the 15 weeks old mice, there was no significant difference in the latencies to reach the platform among the three groups [F(2)‫,270.0ס‬ P‫]5039.0ס‬ (Fig. 1A) . On the other hand, in the 35 weeks old mice, the latencies of the tube feeding group was significantly longer than those of the control (P‫)4710.0ס‬ and water groups (P‫.)3230.0ס‬ There was no significant difference between the control and water groups (P‫;8269.0ס‬ Fig. 1C ).
To examine whether the spatial learning impairment in the tube feeding group was due to impaired visual acuity, a visible probe test in both 15 and 35 weeks old mice, which was performed with the same mice at the end of the test, showed no significant difference among the three groups for either the 15 [F (2) (Figs. 1B and D) .
Immunohistochemical analysis
After the final water maze test, the Fos-positive cells in the hippocampus were assessed microscopically. Light microscopic analysis revealed Fos-positive cells in all mice (Fig. 2) . In the tube feeding aged mice, the number of Fos-positive cells was decreased. There was no significant difference between hippocampal subfields in the 15 weeks old mice [CA1, P‫;5584.0ס‬ CA3, P‫8756.0ס‬ and DG, P‫.]4011.0ס‬ (Fig. 3) . The tube feeding group had significantly fewer c-Fos immunopositive cells than did the control and water groups. There was no difference between the control and water groups.
Discussion
The present study demonstrated that tube feeding conditions impaired spatial learning in aged SAMP1 mice. There were no significant differences between the latencies of the water and control groups at either 15 or 35 weeks of age, indicating that the mice are not seriously influenced by insertion of the catheter or water delivery into the stomach. The tube feeding 35 weeks old SAMP1 mice were impaired in the water maze test; however, there was no significant difference between groups in the visual probe test. This finding indicated that the difference in aged SAMP1 mice was not due to impaired visual acuity. The present behavioral and immunohistochemical results in aged SAMP1 mice provides support for the hypothesis that tube feeding in aged animals decreases Fos induction in the hippocampus in association with impaired water maze learning, suggesting that masticatory function has an important role in maintaining spatial learning and memory in old age.
The mechanism by which tube feeding accelerates senile impairment of spatial learning is not known. Tube feeding decreases the frequency of mastication, however, therefore one possibility is that, in the tube feeding condition, input activity to the somatic sensory cortex from receptors coupled to mastication and mastication-associated face and jaw movements decreases.
The hippocampus receives inputs through the entorhinal cortex from the cerebral association area 3, 9, 21) , whose afferent fibers to the septohippocampal system are thought to have an important role in spatial memory and are required to correctly navigate a maze 5, 10) . CA1 pyramidal cells mainly receive excitatory inputs from ipsilateral and contralateral CA3 pyramidal cells and perforating fibers from the entorhinal cortex 3, 9, 21) . In the hippocampus, the cholinergic neuronal system is related to spatial cognition and is invariably damaged by abnormal neuropathologic conditions, such as neurofibrillary and senile plaques 4, 6, 22) . In the present study, decreased Fos expression in the hippocampal CA1 region of the tube feeding group was positively correlated with spatial learning deficits. Given that the expression of c-fos and Fos is a useful marker for neuronal activity 4, 8) and the trigeminal input has a facilitatory effect on synaptic transmission in various regions of the cerebral cortex 9, 23) , we conclude that deficits in spatial learning in aged tube feeding mice were largely due to reduced afferent input from masticatory work and mastication-associated face and jaw movement to the cerebral cortex.
